University of Kentucky

UKnowledge
University of Kentucky Master's Theses

Graduate School

2005

Integrated Surface-Plasmon Waveguides for Optical
Communications
Adam W. Chamberlain
University of Kentucky

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Recommended Citation
Chamberlain, Adam W., "Integrated Surface-Plasmon Waveguides for Optical Communications" (2005).
University of Kentucky Master's Theses. 258.
https://uknowledge.uky.edu/gradschool_theses/258

This Thesis is brought to you for free and open access by the Graduate School at UKnowledge. It has been
accepted for inclusion in University of Kentucky Master's Theses by an authorized administrator of UKnowledge.
For more information, please contact UKnowledge@lsv.uky.edu.

Abstract of Thesis

Integrated Surface-Plasmon Waveguides for Optical
Communications
Integrated optics present a potentially low cost and higher performance alternative to
electronics in optical communication systems. Surface plasmon waveguides (SPWG’s)
offer a new approach for manipulating light in integrated optical chips. SPWG’s provide
several advantages over dielectric waveguides. In this study, a fabrication process for
SPWG’s is developed. SPWG’s are fabricated with various lengths and bend radii to
allow for study of absorption and bending losses in the waveguides at
telecommunications wavelengths (~1550nm). Finite-element method models of straight,
bent, and optically coupled waveguides are developed and analyzed.
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Chapter 1
INTRODUCTION

1.1

Background
In 1870 John Tyndall demonstrated that light could be contained within and

guided along a thin stream of water. Due to the difference in the refractive index of the
water and the air, the light would “bounce” back and forth inside the stream of water by
total internal reflection. By the 1950’s, much research was being done to transport light
along glass fibers. With the availability of the laser in the 1960’s, the potential for using
optical fibers to transmit information was realized.
Optical fibers have the following advantages over electrical systems: extremely
low loss, immunity to electromagnetic interference, high bandwidth capability, small size
(no bulky insulators or shielding required), and higher signal security. The major
disadvantages in the past have been cost and the fact that the existing infrastructure is
electrical and it will take time to replace.
Optical fibers are not perfect of course and have two main limitations: loss and
dispersion. Loss simply lowers the power of the signal as it travels down the fiber. Loss
is much smaller than in electrical systems but must still be taken into account. Dispersion
causes the nice, sharp pulse sent down the fiber to widen and shrink in amplitude. This
increases the chance that a signal will be misinterpreted as a one or zero when it is
detected. The transmitting and receiving electronics also pose large limitations on the
maximum switching speed of signals transmitted down the fiber.
Signals in optical fibers need to be filtered, amplified, split, and routed in different
directions. Most often signals are detected, processed, and retransmitted by electronic
devices called repeaters. If there are multiple frequencies on the same fiber, the repeater
must process each frequency separately. Repeaters are expensive and significantly raise
the cost of fiber optic communications.
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Figure 1.1 Design problem that is much better solved by integrated optics than
electronics.

1.2

Integrated Optics
By doping a fiber with a rare-earth element, such as Erbium, and pumping it with

light of a shorter wavelength, optical amplification can be accomplished. These optical
amplifiers can amplify different wavelength signals at the same time. This solves the
problem of signal loss but not the problem of dispersion. Dispersion can be corrected by
other methods. For a detailed discussion of how dispersion is minimized as well as how
optical amplification works, see reference [1].
This raises a key question for optical communications: If repeaters are not
necessary to correct loss and dispersion, can we eliminate them altogether? One problem
still exists as seen in Figure 1.1. Suppose an optical fiber is carrying 20 channels at
different wavelengths from Louisville to Lexington. On the way, Frankfort needs 2 of
the channels. A repeater would detect and process all 20 channels separately. Then it
would transmit 2 channels to Frankfort and send the other 18 channels to Lexington.
Alternatively, this function, referred to as add/drop filtering, could be performed all
optically on a microchip.
To integrate this and other optical signal processing on chip, one first needs the
ability to guide light. This is done by waveguides. So far most research has been
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Figure 1.2 A dielectric waveguide.[2] This has been the emphasis of most
integrated optics research to date.

concentrated on dielectric waveguides like the one seen in Figure 1.2. In a dielectric
waveguide, the refractive index in the core is greater than in the cladding. This causes
light in the core to bounce back and forth between the two interfaces by total internal
reflection. This allows the wave to propagate down the waveguide. The waveguides
described in this thesis are surface plasmon waveguides and will be discussed in the next
section.
Filtering is another required function for integrated optics. As seen in Figure 1.3,
Bragg gratings can be introduced into the waveguides to create a filter. In these devices,
multiple reflections combine in phase to selectively reflect a range of wavelengths. This
filter can be a band-pass or band-reject filter. Finally the signal must be able to be split,
sending a percentage of the power down one waveguide and the rest down another.
Usually signals are split 50%-50% with an optical coupler as shown Figure 1.3. The end
result is the ability to add or drop a frequency from the waveguide.

3

Figure 1.3 A channel dropping filter used as an example of devices that can be
fabricated using integrated optics.[2] Multiple wavelengths enter the input port.
The desired wavelength is reflected by the gratings and leaves through the dropport. All other wavelengths and any that come in the add-port will be routed to
the pass-port.

Optical microchips with these simple functions can replace repeaters, and a
number of researchers and companies have developed chips that perform the required
functions. One hurdle is cost. Dielectric waveguides are relatively difficult to fabricate
and the technology has not been around long enough to reach maturity. As research
progresses and the need for optical communication systems increases, the cost of optical
microchips will come down and become a cheaper and higher performance solution than
electronics.
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Figure 1.4 A surface plasmon waveguide. A thin gold film is used instead of a
dielectric and is surrounded by a high refractive index material.

1.3

Surface Plasmon Waveguides
Metals such as gold, silver, and copper exhibit negative real permittivities at

optical wavelengths. This has been confirmed by experiment and by classical electron
theory.[3] These metals can me modeled as an electron gas. When a thin film with a
negative real permittivity is surrounded by a positive permittivity material, these
conduction electrons can couple with an electromagnetic field to form a surface-plasmon
wave. The surface-plasmon wave is a bound mode of the structure and can be used to
guide light along the interface of thin metal film and the dielectric. The film supports
two modes, a symmetric mode and an anti-symmetric mode. The anti-symmetric mode is
called a short range surface plasmon polariton, and is very lossy. This mode is
sometimes used in sensing. The symmetric mode is called a long range surface plasmon
polariton and this is the mode of interest. It has substantially lower losses than the shortrange mode. A surface plasmon waveguide (SPWG) is shown in Figure 1.4.
SPWG’s have several advantages over dielectric waveguides including: highly
planar, simple to fabricate structures; the ability to carry both optical and electrical
signals; and support of only TM-like modes. At first SPWG structures appear to be
easier and cheaper to mass produce than traditional dielectric waveguides; however, the
research presented here calls this into question. Most dielectric waveguide devices are
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polarization sensitive, i.e. they respond differently for TE-like modes and TM-like
modes. Since SPWG’s support only TM-like modes polarization dependence is not a
problem. SPWG based devices that make use of the ability to carry optical and electrical
signals have already been demonstrated.[4] The electrical path has been used to heat up
the waveguide which then acts as an optical switch, but could also be used to apply a
field to an electro-optic material.
Currently, there is no published experimental analysis of scattering losses or
bending losses in SPWG's. Straight waveguides of differing lengths were fabricated by
Nikolajsen et al. and measured to determine propagation loss.[5] This work along with
theoretical calculations suggests that SPWG’s may exhibit sufficiently low loss for use is
optical communications. However, there must be waveguide bends in an optical chip,
and the related loss mechanisms must be studied to determine if SPWG’s are suitable for
use in optical communications. After the start of this research, Berini et al. fabricated and
verified the function of bent waveguides and couplers; however, no quantitative data has
yet been presented for this work.[6] Also, the study used silicon dioxide and a refractive
index matching fluid to fabricate the waveguides. This is not a practical approach to
mass producing SPWG’s.
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Chapter 2
EXPERIMENTS

2.1

Types of Experiments
There are three main experiments in this thesis. The first experiment attempts to

determine propagation loss as a function of overall length. The experiment has a range of
waveguides with differing lengths but constant bend radii. Experiment two attempts to
determine bending loss as a function of bend radius. In this experiment we maintain a
constant length but vary the bend radii of the waveguides. Experiment three tests optical
couplers. All couplers use the same overall length and bend radii; however, the
separation between the waveguides and the length of the coupling region varies. All
three experiments have the same gold thickness, around 20 nanometers. This number can
vary but will be the same for all waveguides in a single experiment. Waveguides with
widths of 3, 5, 7, and 10 microns were used in all experiments

2.2

Photomask Design
The photomask, seen in Figure 2.1, was designed using AutoCAD 2003® and

fabricated by the University of Louisville. The mask’s role in the fabrication process is
explained in chapter four. A four inch mask was used, however due to other limiting
factors the usable area is a little over 7 in2, a 3 inch diameter circle. The mask is divided
into cells that contain the waveguides for each experiment. Based on the dimensions
used, there was room for 24 cells. The dimensions are optimized for maximum number
of waveguides while still providing an adequate range of lengths and bend radii. There is
also an attempt to have at least 1mm on each side of the waveguide that is straight, but
this is not always possible. This extended straight section allows less precision when
cutting the cells since cutting into a curved section of the waveguide is less desirable than
cutting into a straight portion. Experiments one and two both have waveguide widths of
3, 5, 7, and 10 microns for a total of 8 different cell types. Experiment three has all four
widths in the same cell giving a grand total of 9 different cell types. This left room for
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cell designs to be placed on the mask two or more times. One extra cell containing only
straight waveguides of all four widths is included. All cells have one or more straight
1.2 cm

Figure 2.1 Photomask layout

waveguides at the top for reference purposes.
Each cell has two alignment marks at the top and bottom to allow for use in
electron beam lithography, though this has not yet been attempted. The mask has three
larger alignment marks for use in photolithography. Each of the 24 cell types, with the
exception of the straight waveguides and optical couplers, can be uniquely identified by
markers placed in the cell. These markers are large enough to be seen with the naked
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eye. All waveguides, except for the couplers, are maintained at least 250 microns apart to
prevent undesired coupling.

2.3

Specific Dimensions

2.3.1

Experiment One
Experiment one uses a bend radius of 4 mm to rotate the waveguide direction 65º.

This bend occurs twice to keep the edges of the waveguide parallel to the chip. Straight
sections are added to the middle and the edges give the waveguides the desired length
while still fitting in the 1.1cm x 1.1cm cell. The cell is actually 1.3 cm wide, but this
extra is cut off when the wafer is cut. The dimensions are given in Table 2.1. For this
experiment the lengths vary linearly between 1.29 and 1.6 cm, and five waveguides plus
one straight waveguide fit in the cell. The dimensions are given to 6 digits, or within
10nm. This is the actual precision used in AutoCAD because the photomask writing
software renders using 40nm features.

Figure 2.2 Cell for experiment one. Changing the length of the waveguides
while maintaining a constant bend radius allows propagation loss to be measured
separately from bending loss.
9

Bend Radii (cm)
0.4
0.4
0.4
0.4
0.4

Angle (degrees)
65
65
65
65
65

Arc Length (cm)
1.29
1.37
1.45
1.52
1.6

Added Line (cm)
0.012946
0.151503
0.290059
0.411296
0.549853

Edge (per side)
0.184741
0.155463
0.126185
0.100566
0.071288

Table 2.1 Waveguide dimensions for experiment one. All dimensions are in cm.

2.3.2

Experiment Two
For experiment two, the bend radius is varied exponentially from .025 cm to 2.6

cm. To accommodate such a large range, two lengths and rotation angles are used. The
first 11 waveguides are rotated 30 degrees and are about 1.14 cm long. The last 15
waveguides have a 10 degree rotation and are about 1.10 cm long. Two straight
waveguides are also used. The dimensions are given in Table 2.2.

Figure 2.3 Cell for experiment 2. Maintaining constant waveguide lengths while
varying the bending radii allows bending loss to be measured separately from
propagation loss.
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Bend Radii (cm)

Angle (degrees)

0.02500
0.03580
0.05120
0.07330
0.10480
0.15000
0.21460
0.30720
0.43950
0.62890
0.90000
0.20000
0.24021
0.28851
0.34652
0.41620
0.49988
0.60039
0.72111
0.86610
1.04025
1.24941
1.50062
1.80235
2.16474
2.60000

30
30
30
30
30
30
30
30
30
30
30
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Arc Length (cm)

Added Line (cm)

1.142478
1.142478
1.142478
1.142478
1.142478
1.142478
1.142478
1.142478
1.142478
1.142478
1.142478
1.104601
1.104601
1.104601
1.104601
1.104601
1.104601
1.104601
1.104601
1.104601
1.104601
1.104601
1.104601
1.104601
1.104601
1.104601

Edge (per side)

0.308253
0.304448
0.299023
0.291237
0.280140
0.264217
0.241459
0.208837
0.162230
0.095507
0.000002
0.279557
0.274874
0.269248
0.262491
0.254376
0.244629
0.232922
0.218862
0.201974
0.181690
0.157329
0.128069
0.092926
0.050717
0.000021

0.404023
0.400270
0.394919
0.387240
0.376296
0.360591
0.338145
0.305971
0.260002
0.194194
0.099999
0.377615
0.372939
0.367322
0.360576
0.352472
0.342740
0.331052
0.317012
0.300150
0.279898
0.255573
0.226358
0.191268
0.149124
0.098505

Table 2.2 Waveguide dimensions for experiment two.

2.3.3

Experiment Three
In experiment three, optical couplers are designed. The goal of these optical

couplers is to couple light from one waveguide into another. These waveguides are
designed to be 50%-50% couplers, meaning an equal amount of light should exit the
coupled waveguide and the original waveguide. The separation distance between the
coupled waveguides and the length that this separation is maintained are both very
important parameters. On Figure 2.4 the separation is where it looks like the waveguides
are coming together and touching. They are actually separated by the separation
distance. Both these values are varied for experiment three as seen in Table 2.3. A
standard bend radius of 3 cm is used to minimize bending loss.
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Bend Radii
(cm)
Design
1

Design
2

Design
3

Design
4

Parallel Line
(cm)

Separation
(cm)

Angle
(degrees)

Edge (cm)

3
3
3
3
3

0.036588
0.041161
0.045734
0.050308
0.054881

0.001100
0.001100
0.001100
0.001100
0.001100

3.616746
3.616746
3.616746
3.616746
3.616746

0.153213
0.150926
0.148640
0.146353
0.144066

3
3
3
3
3

0.059090
0.066476
0.073863
0.081249
0.088635

0.001800
0.001800
0.001800
0.001800
0.001800

3.563371
3.563371
3.563371
3.563371
3.563371

0.147540
0.143847
0.140154
0.136461
0.132768

3
3
3
3
3

0.049770
0.055991
0.062212
0.068433
0.074654

0.001300
0.001300
0.001300
0.001300
0.001300

3.601577
3.601577
3.601577
3.601577
3.601577

0.148207
0.145097
0.141986
0.138876
0.135765

3
3
3
3
3

0.078124
0.087889
0.097655
0.107420
0.117186

0.001600
0.001600
0.001600
0.001600
0.001600

3.578702
3.578702
3.578702
3.578702
3.578702

0.136421
0.131538
0.126655
0.121773
0.116890

Table 2.3 Waveguide dimensions for experiment three.
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Figure 2.4 Cell for experiment three contains couplers with varying waveguide
separations and coupling lengths.
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Chapter 3
MODELING
3.1

Overview
To begin fabricating waveguides and optimizing their dimensions, one must first

have a starting point. This chapter explains the theoretical modeling used to obtain the
dimensions given in chapter two. Methods for modeling straight waveguides, bent
waveguides, and couplers are discussed. The methods used have been previously
developed by researchers, and our implementations are compared to theirs for verification
purposes.
All results in this chapter were obtained numerically using Femlab. Femlab is a
multi-physics modeling program based on the use of partial differential equations
(PDE’s). The PDE’s are solved using the finite element method. Femlab has a special
electromagnetics module used for the modeling in this chapter.
In this chapter the only losses considered are absorption loss and radiation loss.
Coupling loss and scattering loss are not considered. Coupling loss is relatively constant
for all designs and can be determined by analyzing other loss data. Scattering loss will be
pursued in later papers and is not taken into account here. In the experiments scattering
loss is measured with absorption loss as a single propagation loss term.

3.2

Modeling a Straight Surface Plasmon Waveguide
A straight waveguide is the simplest model discussed and therefore is a good

place to start. Other models will build on the methods used for straight waveguides. The
waveguide is modeled in 2-D. The straight waveguides in this thesis all have symmetry
about the x- and y-axes. For convention, the x-axis goes along the 3-10 µm dimension of
the waveguide and the y-axis moves along the 20nm dimension. Since other models will
not be symmetric about the y-axis, symmetry will not be used for the y-axis for straight
waveguides either. Symmetry about the x-axis is assumed for all models.
As mentioned before, Femlab’s strength is solving differential equations. For the
electromagnetics model the following time-harmonic vector wave equations are used:
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(3.1) ∇ 2 E + ω 2 µεE = 0

(3.2) ∇ 2 H + ω 2 µεH = 0

Arbitrarily, the form utilizing magnetic field (H) is chosen.
Next, the waveguide must be drawn using Femlab CAD tools. A straight
waveguide is a very simple drawing that contains the waveguide and the dielectric
material as seen in Figure 3.1. The waveguide is too small to be visible so the dielectric
material is all that is seen. The area for the dielectric must be large enough to allow the
fields to decay to a negligible level at the boundaries.
Now that the model is drawn, all physics parameters must be specified. There are
two types of areas that need parameters, boundaries and domains. In this case there are 2
domains, the metal and the dielectric. There are 6 boundaries: the top, left side, right
side, bottom on each side of the waveguide, and bottom directly underneath the
waveguide that actually cuts the waveguide in half.
For all cases, gold is used as the waveguide material, and a complex permittivity
of -102-9.5j is used for a positive e jωt convention. This value resulted from
spectroscopic ellipsometry performed at the University of Louisville on 20nm thick gold
films. The dielectric material used is a benzocyclobutene polymer called Cyclotene. The
dielectric permittivity values are based on Nikolajsen et al.[5] For these materials, a
value of one is used for relative permeability since these are non-magnetic materials. The
wavelength used is 1550nm since we are studying surface plasmon waveguides at optical
telecommunications wavelengths.
The mode profile of surface plasmon waveguides can be symmetric or antisymmetric. If a symmetric mode profile is desired, all boundaries are modeled as a
perfect electrical conductor. If an anti-symmetric mode profile is desired, the x-axis
boundary is set to a perfect magnetic conductor The anti-symmetric (short-range) mode
is very lossy and not well matched to the input optical fiber mode; therefore it is of little
concern in these experiments. This thesis is concerned primarily with long range surface
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Figure 3.1 Simple CAD drawing for a straight waveguide. The core is too small
to see but can be located by the two marks at the bottom.

Figure 3.2 Mesh generated as a first step in finite element method analysis. The
mesh is iteratively refined based on intermediate solutions.
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plasmons so all boundaries are set to a perfect electrical conductor for the data recorded
in this chapter.
The next step for Femlab is to generate a mesh as seen in Figure 3.2. This is part
of the finite element method used to solve the PDE’s. Femlab uses algorithms to adjust
the size of the mesh to ensure more elements are used where fields are changing quickly.
As can be expected, there are very small elements used in the vicinity of the waveguide
and few on boundaries away from the waveguide. The meshes can be manually refined
by the user. The number of elements is limited only by processing time and memory.
Femlab is an adaptive solver so it will automatically break up elements into smaller
pieces when it detects that the element is not large enough. This behavior can also be
modified by the user.
Finally, the solver is invoked. The plot seen in Figure 3.3 is given. The solver
returns the effective index and field profile of each waveguide mode. This number can
be used to calculate loss in the waveguide in dB/cm. For the straight waveguide, only
absorption losses in the waveguide are taken into account.
The effective index is given by Femlab when the proper mode is found. Although
difficult to see, this is the number directly above the mode solution graph in Figure 3.3.
This is a complex number of the form n + jα . Loss is determined using α by the
following equation :
⎡ ⎛
2πα ⎞⎤
(3.3) Loss (dB/cm) = 10 log10 ⎢exp⎜ − 2
⎟
λ ⎠⎥⎦
⎣ ⎝
where λ represent the freespace wavelength (1550nm in this case) and is given in cm if
loss is in dB/cm.
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Figure 3.3 Mode profile (z-directed power flow) for a straight, surface-plasmon
waveguide.
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3.3

Modeling a Bent Waveguide

3.3.1

Overview
Modeling a bent waveguide starts out similar to a straight waveguide. It is also

modeled in 2-D. The bent waveguide is first mathematically transformed into an
equivalent straight waveguide (ESW). The waveguide is assumed to bend to the left
when looking at the CAD model. In the CAD model, the waveguide is moved to the left
to allow more room on the right where there are fields representing waves radiating from
the bend in the waveguide.
The next task it to create a perfectly matched layer (PML) to the right of the
waveguide. This layer uses µ and ε values that are optimized to prevent reflection and to
absorb waves that reach the PML. The PML must absorb the fields fast enough so that
the fields do not reach and reflect off of the boundary on the right, which is a prefect
electrical conductor. Any light absorbed in the PML is simulating light lost by radiation
from the bend in the waveguide.

3.3.2 Equivalent Straight Waveguide
The equivalent straight waveguide used here was adapted from Murphy and an indepth explanation is given in [7]. We first start with the bent waveguide shown in Figure
3.4. The values for ncore and nclad were given in section 3.3.1. The values R and d are the
bend radius and waveguide width, respectively, given in chapter 2. The value d is given
by R2–R1. The goal is to transform the waveguide from the x,z plane to the u,v plane,
where v represents the distance along the center of the waveguide and u replaces the x
dimension for the now straight waveguide. The y-dimension need not be transformed
when the bend is along the x-direction. The transformation is given in the following
equation:
⎛ x + iz ⎞
(3.4) u + iv = R ln⎜
⎟
⎝ R ⎠

This is called a conformal transformation and allows the waveguide to be modeled as a
straight waveguide. Otherwise, complex 3-D modeling would be required.
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Figure 3.4 Conformal transformation from a bent waveguide, left, to a straight
waveguide, right.

Figure 3.5 Effect of the conformal transformation on the real part of the refractive
index vs. u.

A simplification to equation 6.3 can be made if the radius of curvature is much
larger than the waveguide width. The largest width used in this thesis is 10µm and the
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smallest radius of curvature is 250µm making the ratio 25 for the worst case scenario.
The ratio can be as high as 8666 for the best case. The simplification is given below[7]:
⎛r⎞
⎛ r−R⎞
(3.5) u = R ln⎜ ⎟ = R ln⎜1 +
⎟≈r−R
R ⎠
⎝R⎠
⎝

This simplification places u=0 at the center of the waveguide.
The effect of the conformal transformation changes the index of refraction from
two discrete values nclad and ncore, to a continuously varying index profile that is a
function of u. This index profile is illustrated in Figure 3.5. The refractive index is
calculated as follows:
⎛u⎞
(3.6) n~ (u ) = n(u ) exp⎜ ⎟
⎝R⎠

where

⎧nCORE , R1 ≤ u ≤ R2
⎫
(3.7) n(u ) = ⎨
⎬
⎩nCLAD , u < R1 or R2 < u ⎭
The index profile produced from the conformal transformation has a continually
increasing refractive index to the right of the waveguide. This poses problems that will
be discussed in the next section.
3.3.3 Perfectly Matched Layer
The index profile produces oscillatory or decaying solutions depending on the u
coordinate. The refractive index decays exponentially to zero to the left of the waveguide
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Figure 3.6 Nature of mode field solutions. Since refractive index
increases to the right without bound the solutions become oscillatory.
core causing decaying solutions. To the right of the waveguide core the solutions also
decay up to a certain distance, and then they become oscillatory. For a bound mode
solution to exist, the fields must decay to zero. This will not occur due to the
continuously increasing refractive index to the right of the waveguide. This complicates
finite element analysis, which uses a finite domain and must therefore have appropriate
boundary conditions. To combat this problem, a domain is placed in the far-field to the
right of the waveguide. This domain is referred to as a perfectly matched layer. As
mentioned before, the PML must have negligible reflections off the dielectric-PML
boundary and be able to absorb all the light before it reaches the right-side boundary. To
accomplish this, anisotropic values of µ and ε values must be used. The real parts of µ
and ε are matched to the dielectric to prevent reflections at the surface. Since only nonmagnetic materials are involved, the real part of µr is always one.
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A permittivity tensor is created by multiplying the permittivity at the boundary by
the matrix:
⎡ Lxx 0
(3.8) ⎢⎢ 0 Lyy
⎢⎣ 0
0

0 ⎤
0 ⎥⎥
Lzz ⎥⎦

where L is defined by the following equations:

(3.9) Lxx =

SySz
Sx

(3.10) L yy =

SxSz
Sy

(3.11) Lzz =

SxSy
Sz

Sx, Sy, and Sz are important design parameters. For these models, the wave to be
absorbed is traveling in the x-direction into the PML, therefore only Sx needs to be
determined. Sy and Sz are both set to one. Sy would also need a value other than one if
there was a PML at the top of the model. The real part of S should be one to minimize
reflections. The imaginary part is optimized to have negligible reflections while still
absorbing the fields before they reach a boundary. A value of 1 − 0.2 j is used in this
thesis and works quite well. A smaller imaginary component causes less reflection and
attenuates the fields slower. If the fields are reaching a boundary and reflections are
occurring, the PML must be made wider. This will allow the fields to decay more
without raising the imaginary component.
Permeability is handled in the same way as permittivity. Tsuji et al. gives a
detailed explanation of how to derive values for a PML.[8] However, in this project the
knowledge base from the makers of Femlab was used to determine how to model a PML.
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3.3.4

Bent Waveguide Model
The model is setup up almost identically to the straight waveguide with the

exception of the perfectly matched layer and the x-position of the waveguide core. All
boundaries are still specified as a perfect electrical conductor. One important thing to
consider is that the solver may not divide the PML into enough elements, causing
significant errors. This error was observed by [8]. One may have to manually refine the
mesh in the PML until the solutions do not change significantly for smaller and smaller
PML elements.
The bent waveguide mode is shown in Figure 3.7. Note that the mode appears
similar to a straight waveguide near the core, except that it is skewed to the right. As one
travels away from the waveguide to the right, the fields begin to oscillate until they reach

Figure 3.7 Mode plot of a bent waveguide using a perfectly matched layer.
the PML. The fields quickly decay to zero as they enter the PML. An effective index is
again displayed and used to calculate loss in dB/cm. This model takes into account both
absorption losses and radiated losses. The radiated losses are modeled by the absorption
in the PML.
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3.4

Modeling an Optical Coupler
An optical coupler is drawn just like a straight waveguide. The center of the

waveguide is placed ½*d away from the left boundary, where d is the coupling length
given in chapter two. The left boundary is a perfect electrical or magnetic conductor and
therefore represents a mirror image of the waveguide ½*d away on the other side. This
allows the coupler to be modeled using symmetry across the x- and y-axis. Only the
straight portion of the waveguide is modeled; the bent sections are neglected. The
coupling rapidly drops to zero as the two waveguides separate.
The nature of the coupler is such that power will alternate between the two
associated waveguides. If the waveguide propagation constants are perfectly matched,
every so often 100% of the mode will be in one waveguide or the other. The longer the
waveguides are coupled, the more times the power will cycle between them. The higher
the coupling coefficient κ, the faster the wave will cycle. Couplers in this thesis are
designed for 50% coupling. The parameters are set such that the wave will just have time
to reach 50% in each waveguide, and then the waveguides will separate.
To start the design, a coupling distance must be assumed. This value can be
adjusted later once one has a good starting point. The coupling coefficient can then be
determined by modeling. The value β must be determined by the equation:

(3.12)

β=

2π ∗ neff

λ

The value neff is given by the simulation just as in other waveguide models.
The value β is determined for both a symmetric and anti-symmetric mode about
the y-axis. This means the y-axis boundary is set to a perfect electrical conductor for
anti-symmetric mode and then a perfect magnetic conductor for symmetric mode. The
effective index is recorded for both modes. The coupling coefficient is then determined
by the following equation:
(3.13)

κ=

β sym − β asym
2
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Now that the coupling coefficient has been determined, the coupling length l can
be calculated:

(3.14)

sin 2 (κ ∗ l ) = 0.5

where 0.5 is chosen based on the desired 50% coupling. The minimum positive value for
l will be the coupling length used. These methods were primarily derived from [9].

Figure 3.8 Mode plot of an optical coupler.
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Chapter 4
FABRICATION

4.1

Overview
To execute the experiments mentioned in chapter 2, the waveguides must first be

fabricated. Working out the process steps was the most challenging aspect of the project
and took by far the most time. Unfortunately this is also the hardest area for someone to
repeat the work in this thesis. Using slightly different chemicals and equipment can yield
very different results.
See Figure 4.1 for the discussions in this chapter. The first step in the fabrication
process is to design the photomask. After a photomask is obtained the fabrication
process can begin. A silicon wafer is cleaned and used as the substrate for the
waveguides. A benzocyclobutene (BCB) polymer dielectric is then spin-coated onto the
wafer. Due to poor adhesion of BCB on Silicon, a thin adhesion promoter must be spunon first. After a BCB soft bake, photoresist is spin-coated on, and the sample is soft
baked again. The sample is then exposed to UV light through the photomask. After
exposure, the sample is soaked in photoresist developer to form a pattern in the
photoresist. A thin-film of gold is deposited on the photoresist by electron-beam
evaporation. A liftoff procedure is done in acetone forming the waveguides on the
substrate. Finally, another layer of BCB is spin-coated and baked on the sample to
complete the process. All processes above are explained in greater detail below. In
addition, additional process steps have been added to improve the device quality.

4.2

Photomask Design
As discussed in chapter 2, the photomask was designed using AutoCAD 2003©

and was fabricated by the University of Louisville. It is a 4” mask with a soda lime base
and chrome coating, and is .09” thick. The chrome is placed on the face down side and
features are clear, since it will be used with positive photoresist. The mask has a
minimum feature size of 3 microns. Redundant cells are used in the mask to allow for
defects and non-uniformities in the mask design.
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Adhesion Promoter
(AP3000)

Si

Cyclotene

Si

Photoresist (S1813)
Cyclotene

Si

UV light
MASK
Photoresist (S1813)
Cyclotene

Si

Figure 4.1 Overview of process steps used in the fabrication of surface-plasmon
waveguides.
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Undercut using
Chlorobenzene or
MF 319 double dip
process
Photoresist (S1813)
Cyclotene

Si

Gold
Photoresist (S1813)
Cyclotene

Si

After Clean lift off using Acetone
Cyclotene

Si

Waveguide Core (Gold)

Waveguide Dielectric
(Cyclotene)

Si

Figure 4.1(cont.) Overview of process steps used in the fabrication of surface-plasmon
waveguides.
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4.3

Coating and Curing the BCB
The first step is to clean the wafer. For this application the silicon wafers are

merely substrates for the waveguides and have negligible effect on their operation. Ionic
and metallic impurities will not harm the devices. Normally RCA1 and RCA2 cleans
would be done but in this case they are not necessary. Instead a simple acetone soak is
used to remove surface contamination. Since acetone leaves a residue when it
evaporates, the wafer is rinsed with isopropyl alcohol (IPA). The IPA is then blown dry
with nitrogen. The same cleaning procedure is repeated on the photomask.
The first process method is spin-coating. The sample is placed on a chuck where
it is held in place by vacuum. The material to be spin-coated is spread over the sample
using a dropper. The material can be dispensed with the sample stationary or while the
sample is spinning. The spin-coater spins up to a set speed for a set time. The spincoater can also be set to go to a certain speed, and then ramp up to an even higher speed.
It has two separate speed controls and timers to accomplish this.
Materials for spin coating come dissolved in a solvent and exhibit different
viscosities. The concentration of the material in the solvent determines the viscosity and
the viscosity determines how thick the material will be when spin-coated. The operator
has some control over the thickness by varying the spin-speed. Also, the spin-time can
affect thickness, but preferably this parameter is chosen so that the thickness is
independent of spin time.
The BCB layer adheres poorly to silicon and therefore an adhesion promoter must
be used. The adhesion promoter used for this experiment is DOW AP 3000®. It is spincoated for 10 seconds at 1000 RPM and 30 seconds at 2000 RPM. This layer is only
several atomic layers thick and therefore has no effect on device operation. The first
speed spreads the adhesion promoter over the sample while the second speed serves to
evaporate the solvent.
Now the BCB layer can be spun-on. The brand name of the BCB is Cyclotene®,
and it is also supplied by Dow Chemical. It is also spun at 1000 RPM for 10 seconds and
2000 RPM for 30 seconds. This yields a thickness of about 16 microns. The sample is
then soft baked on a hotplate at 150°C for 1 minute. This ensures all the solvent is
evaporated and that the BCB will not flow during subsequent handling. The sample will
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then be soft-cured by baking it in a furnace at 210°C for 40 minutes. This will cause the
BCB to reach 75-82% conversion, minimizing reactions during subsequent process steps.
The hard bake will not be carried out until the final BCB layer has been completed.

Figure 4.2 Spin-speed curve for various Shipley photoresists.[10]

4.4

Photolithography
Photolithography begins by spin-coating a material called photoresist onto a

substrate. The photoresist is then exposed to a light source (typically UV) and placed in a
developer. The developer will selectively dissolve the part that was or was not exposed.
If it is a negative photoresist, the unexposed areas will be dissolved in developer. For
positive photoresist, the exposed areas are dissolved. These experiments utilize only
positive photoresist.
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Photoresist consists of three parts: a solvent, a resin, and a photoactive compound.
The solvent keeps the resist as a liquid and determines its thickness at a given spin-speed
on the spin-coater. It is removed during the soft bake. The resin determines the
mechanical and other properties of the resist. The photoactive compound is sensitive to a
certain wavelength of light and determines the solubility of the resist in developer in
exposed and unexposed regions. These experiments utilize Shipley 1813® positive
photoresist.
The photoresist for this process is spin-coated at 4000 RPM for 30 seconds. This
produces a thickness of about 1.1µm as seen in Figure 4.2. The photoresist is then soft
baked at 110°C. Once baked the sample is placed in the mask aligner. This is an MJB3
Karl Suss mask aligner that uses contact printing. For contact printing, the substrate is
loaded and brought into full contact with the photomask. Various exposure times were
used but the final time used was 10 seconds.
The sample is then soaked in MF-319® developer for 2 minutes. This time also
varies based on the specific process. This is a tetramethyl-ammonium hydroxide
(TMAH) based developer. This dissolves the UV exposed photoresist at a much higher
rate than the unexposed photoresist. The ratio of the dissolution rate of exposed and
unexposed resist is called contrast. Figure 4.4 is an SEM micrograph of a developed
sample. This sample was treated in chlorobenzene, a process discussed later.
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Figure 4.3 An MJB3 Karl Suss mask aligner used for contact printing.
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Figure 4.4 SEM micrograph of a surface plasmon waveguide sample after photoresist
development.
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Figure 4.5 Electron-beam evaporation system.

4.5

Thin-film deposition
The waveguides are now placed on the substrate by depositing gold. The gold

was deposited using electron beam (e-beam) evaporation. This process would also work
using thermal evaporation; however, the large source size associated with thermal
evaporation often makes lift-off more difficult.
In e-beam evaporation the sample is placed in a chamber and the chamber is
evacuated. Typical chamber pressures for this experiment are 2.0x10-6 Torr. An
accelerating grid is raised to a voltage of 8 kV with respect to a filament. A current is
then applied through the filament to heat it up. Electrons will then be released by
thermionic emission. The electron beam intensity is controlled by adjusting filament
current. The electron beam is then bent by a magnetic field and focused on a crucible
filled with gold pellets. The focusing of the beam is accomplished by horizontal and
vertical controls that vary the magnetic field. When beam intensity is high enough, the
gold will melt. Due to the high vacuum in the chamber, gold atoms evaporate from the
crucible and will deposit on the sample substrate.
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A different process called thermal evaporation is simpler. The gold is placed in a
tungsten boat and the chamber is evacuated to around 2.0x10-6 Torr. A large current is
run through the boat heating it up to above the melting point of gold. The gold then
evaporates and is deposited on the sample substrate. There are advantages and
disadvantages to each of these deposition techniques, but for this application e-beam is
the clear choice because of better quality film and more precise control.
For the waveguides, 20 nm of gold is deposited. This value can be varied to find
the optimal dimensions for lowest propagation and/or bending loss in the waveguide.
Figure 4.6 shows the sample at this point in the process. The waveguide core appears
like a river flowing in the canyon.

Figure 4.6 SEM micrograph of a surface plasmon waveguide sample after gold
deposition.

36

4.6

Liftoff and final BCB layer
After deposition, the sample is soaked in acetone. This process is not specifically

timed but typically takes less than a minute when used in an ultrasonic sink. There is no
apparent damage to the waveguide structures from the ultrasonic agitation. Acetone is a
strong organic solvent and dissolves the remaining photoresist. Any gold that was
deposited on the photoresist will be “lifted off” along with the photoresist. Gold that was
deposited directly on the BCB will remain and become the waveguide.
There are three potential problems here. One is that if gold settles on the sidewall
of the photoresist, the gold on top of the photoresist will come into contact with the gold
on the BCB. When liftoff is performed, the gold on the photoresist will lift away, but
will leave a sidewall on the waveguide as tall as the photoresist layer. Methods to prevent
this are discussed in the next section.
The second potential problem is that the gold will still be suspended in the
acetone. It can settle back on the sample and deposit onto the now exposed BCB. This is
avoided by pulling the sample out of the solution vertically while spraying it with
acetone. The gold does not stick to the sample until it is removed from the acetone so the
spraying removes residual gold. The sample is then rinsed in IPA to remove the acetone
and nitrogen blow-dried.
The third and hardest to overcome problem is that the photoresist near the devices
is not stripped off by the acetone soak. This can be observed in figures 4.7 and 4.8.
The residual resist is up to a micron high and a micron wide. This could have a
devastating impact on the optical properties of the waveguide. To reduce this problem,
after the acetone liftoff the sample is placed in an N-methyl-2-pyrrolidone (NMP) based
stripper called Microposit Remover 1165®, which is pre-heated to 80°C. The samples
then soaks for 20 minutes. This helped to reduce the residual photoresist to negligible
levels.
After the liftoff and stripping processes are complete, another layer of BCB is
spin-coated on the same way the first layer was. No adhesion layer is necessary because
BCB will adhere to itself adequately. The BCB is then soft-baked at 150°C for 1 minute.
The almost completed device is now hard-baked at 300°C for 1 hour. This achieves
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>98% conversion of the BCB. Only baking the first BCB layer at 210°C ensures that
both layers have approximately the same conversion after the final bake.

Figure 4.7 SEM micrograph of surface plasmon waveguide after liftoff. Notice the
residual photoresist on the sidewalls.
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Figure 4.8 Atomic force microscope image of the residual photoresist on the waveguide
sidewalls.
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Figure 4.9 Completed cell of surface plasmon waveguides.
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4.7

Additional Process Steps

4.7.1

Chlorobenzene Treatment
Chlorobenzene treatment helps to solve the problem of poor liftoff that leaves

gold on the sidewalls. This problem is caused by poor contrast. As seen in Figure 4.10,
the sidewalls are more like a gently sloped hill than a steep wall. Compare to samples in
figures 4.4 and 4.6, which were fabricated using chlorobenzene treatment. After a
sample is exposed, and before it is developed, the sample is soaked in chlorobenzene for
10 minutes. This acts to slightly increase the photoresists resistance to the developer, but
only at the surface. The sample is then developed normally. Once the developer breaks
through the surface, it will dissolve the sidewalls more quickly below the surface than
near the surface. This should create an undercut profile. You can see somewhat of an
undercut profile in Figure 4.6 where the gold seems to hang over the edge. The
chlorobenzene treatment did not create a good undercut profile, but it did sharply increase
contrast. The walls are clearly steep enough to permit good liftoff.
When using chlorobenzene treatment, the photoresist must be baked for 10
minutes instead of 1 minute. Initial experiments showed that chlorobenzene reacts with
the photoresist if the resist was only baked for a minute. Chlorobenzene treatment also
occasionally caused the photoresist to crack. The cracks would start at the edges of the
sample and rapidly web across the surface. The cracks inconsistently appeared. On
several occasions, multiple samples would be prepared at the same time using the same
process, and only some would develop cracking. This problem was never resolved and
therefore the chlorobenzene treatment process was abandoned. Chlorobenzene is also a
known carcinogen and its use is not preferred.
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Figure 4.10 A low contrast profile that will likely cause poor liftoff.
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4.7.2

Developer Double-Dip Process
A process to replace chlorobenzene treatment was needed. A method suggested

by Microchem Inc. is to dip the sample in developer before exposure. A sample was
soaked in MF-319® for 15 seconds prior to exposure. After rinse, dry, and exposure, the
sample was then developed for 45 seconds for normal development. Samples made with
this process did not have as high of a contrast as ones made with chlorobenzene treatment
but the contrast was high enough to provide adequate liftoff.
This process was discovered by accident when someone got their samples mixed
up and did not know which ones had been developed and which ones had not. The
samples that had been developed and therefore had been soaked in developer were
exposed and developed again. The pattern exposed on them was different than the
patterns that had already been exposed on them. The samples that had previously been in
developer had a much higher contrast than the samples that did not. Some further
investigating led to the double-dip process.

4.7.3

Liftoff Resists
A third solution to the liftoff problem is the use of liftoff resists. A liftoff resist

(LOR) is spin-coated on before the photoresist. It has a higher development rate than the
photoresist and therefore will cause an undercut profile to be formed.
The LOR process was investigated until the double-dip process proved successful.
The LOR process would have required the purchase of new resists which could
potentially require the fabrication process to be overhauled. Since the double-dip method
made use of readily available MF-319 and had minimal impact on the fabrication process,
use of LOR was never attempted in these experiments.
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Chapter 5
TEST SETUP

5.1

Measurements
The overall goal in this setup is to couple light from a laser into a surface plasmon

waveguide and then focus the light coming out the waveguide onto a detector for
measurement. The light must first be focused on an infrared camera so that the
waveguide and optical fiber may be aligned for maximum power reading on the detector.
The overall setup can be seen in Figure 5.1.

Figure 5.1 Experimental test setup.
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Figure 5.2 LabView GUI for performing loss measurements.

5.2

Optical Source
In these experiments an HP 81680A tunable laser was used with a HP 8164A

mainframe. This mainframe also has an HP 81619A interface that receives the detector
signal. This mainframe controls laser power and wavelength and displays these values
along with the power reading from the detector.
The tunable laser source wavelength varies between 1480 and 1570nm with a
maximum output power dependent on the wavelength but generally around 4.2mW. It is
coupled to a polarization maintaining fiber.
Measurements are done at near maximum power over the range of 1520 to
1570nm. A user interface to control power and wavelength was designed using Labview
as seen in Figure 5.2. Labview does a wavelength sweep and records the results. These
results are plotted and can be exported to an Excel spreadsheet.
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5.3

Detection
To perform alignments one must first be able to view the signal. This is

accomplished using a Hamatsu C5332 infrared camera. This camera is attached to a
controller that interfaces with the computer. The infrared signal can be viewed using
WinTV 2000. A narrow band filter with a center wavelength of 1550 nm and a 30 nm
FWHM was placed in-line with the camera to reduce background light and make the
signal more visible. A neutral density filter with 30 dB attenuation could also be placed
in-line to reduce the overall light level. A mirror is used to deflect light into the camera.
If the mirror is lowered, light travels into the detector instead.
The detector and camera are carefully placed to ensure both are in focus at the
same time. The sample is aligned with the fiber by viewing the light on the IR camera.
Once the beam is properly aligned and focused on the center of the camera, the mirror
can be moved so that the beam falls on the detector for power measurement. Due to the
difficulty of alignment, sometimes a digital camera is used to align the fiber with visible
light. Once the alignment is close, the IR camera is used again to fine tune the alignment.
For detection, an HP 81624A detector is used. This detector is accurate within the
wavelength range of the laser. The light passes through a polarizer and iris before
reaching the detector. The iris reduces the amount of stray light entering the detector.
The polarizer passes the P-polarization of the light while reflecting the S-polarization
away from the detector. The polarizer can be rotated to only pass the polarization in the
waveguide.
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Figure 5.3 Optical test bench. From left to right are the fiber stage, device stage,
and objective stage.

5.4

Optical Alignment
For alignment three adjustable stages are used as seen in Figure 5.3. The

waveguides are placed on the device stage in the center. The fiber can be aligned to the
waveguides directly, or through an objective lens. The fiber is aligned using a
microscope mounted directly above the device stage.
The fiber stage is aligned manually or using the ThorLabs MDT693 piezo stage
controller. A Matlab GUI was developed to control this stage as seen in Figure 5.4. This
was done to design an algorithm that automatically adjusts the fiber stage for maximum
power. The algorithm development was not successful but the GUI is still used for
convenient precision adjustments. The polarization state of the light launched into the
waveguide can be controlled by rotating the polarization maintaining fiber.
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Figure 5.4 Matlab GUI for a fiber alignment algorithm. This GUI was mainly
used as a precision stage controller for the fiber stage. The output shown is for a
silicon dielectric waveguide.

The objective stage aligns the light to the camera and detector. The device and
objective stages are aligned first so that all fine tuning can be done by adjusting the fiber
stage.
The complete test setup is shown as Figure 5.5.
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Figure 5.5 Completed test setup for measuring losses in optical waveguides.
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Chapter 6
SIMULATION RESULTS

6.1

Overview
In this chapter, the effects of varying waveguide core width and bend radius on

loss is examined. Simulation data for optical couplers is also presented. The results are
based on the modeling methods discussed in chapter 3. Straight waveguides are
compared by waveguide width. Bend losses are compared by bend radii and waveguide
width. Finally, the total loss is examined taking into account both absorption and
radiation losses.

6.2

Effect of Waveguide Width on Absorption Loss
Absorption losses can be most easily studied in a straight waveguide. As shown

in Figure 6.1, as waveguide width increases, loss goes up. Intuitively this can be
explained by the fact that the more gold there is, the more absorption in the gold will
occur. The 10µm waveguide has a significantly higher loss than the 3µm. Absorption
will also occur in bent waveguides but this does not correlate to the straight waveguide
loss rate since the mode field distribution changes in a bend affecting the amount of
absorption.

6.3

Effect of Bend Radius and Waveguide Width on Bending Loss
Figure 6.2 shows mixed results for bending loss as a function of width and bend

radius. 3µm width is still the clear winner for large bend radii but bending loss sharply
rises at around a 1cm bend radius. The waveguide is too narrow to support a strongly
guided mode at bends sharper than this and therefore no data is present.
The 10µm width reaches a minimum and starts slowly rising due to the
dominance of absorption losses once the mode field begins returning to normal. One
important thing to note is the oscillatory nature of the loss rate, especially in the 7 and
10µm waveguides. If this phenomenon is real it could complicate optimization of
waveguide dimensions.

50

Straight Waveguide
12.00

Loss (dB/cm)

10.00

8.00

6.00

Straight Waveguide

4.00

2.00

0.00
0

2

4

6

8

10

12

Width (um)

Figure 6.1 Absorption loss vs. width for straight waveguides.
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Figure 6.2 Bending loss vs. bend radius and width.
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6.4

Total Loss vs. Bend Radius
A very interesting problem exists when one tries to balance absorption losses and

radiation losses. For modest bend radii (~5mm), the larger the waveguide is the lower
the bending loss will be. This is because wider waveguides have more strongly guided
modes than narrower ones. For a fixed length waveguide the smaller the bend radius, the
less length the waveguide will have a bend and therefore the more length the waveguide
will be straight. This is important for waveguides with high absorption losses and could
be the reason their loss rates oscillate so much at high bend radii. For the same reason,
waveguides with high bending loss rates benefit from the shortened bend length and their
overall loss rises much slower than the dB/cm value.
An example of these factors is as follows. A 3µm waveguide bend radius drops
from 1.25 to 1.04cm. The loss rates for the 1.25cm radius are 3.02 and 9.09 dB/cm for
straight and bent losses respectively. Based on the straight and bent lengths, the total
losses are 4.31 and 2.02dB for a total of 6.33dB. The 1.04cm bend has a loss rate of
12.07dB/cm, a 28% increase. It has the same straight loss rate. Since the bend length is
shorter, the total bend loss rises to only 4.61dB, a mere 7% increase. Unfortunately, the
straight section also got longer to maintain a fixed length, adding 0.22dB of loss. The
overall effect is a loss of 6.85dB, or 8%, a far cry from the expected 28%. A constant
length waveguide is not required in real devices. The above waveguide could have been
kept shorter since it rotated the waveguide by the same amount, lowering its loss increase
to 5%. A plot of bending loss rate and total bending loss for a 5µm waveguide is given in
Figure 6.3.
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Figure 6.3 Comparison of bending loss rate to total bending loss.
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6.5

Effect of Waveguide Thickness on Bending Loss and Absorption Loss
One parameter that is virtually left alone during these experiments is waveguide

core thickness. The primary reason is that this is the only parameter that cannot be varied
on a single wafer. The entire wafer undergoes electron-beam evaporation and therefore
gets the same gold thickness. Another reason is the huge volume of combinations
possible if you add another variable to the equation. For experiments in this thesis, a
thickness of 20nm is used in all waveguides. Some modeling is presented here to give an
idea of the effect gold thickness can have on the waveguide.
A 5µm waveguide is used to model the effect of thickness on a straight
waveguide. The results are rather straightforward. The thinner the gold layer is, the
lower the absorption loss will be. Since absorption occurs in the gold, this makes sense.
Figure 6.4 plots this data.
Next, the 5µm waveguide is given a bend radius of 5mm and the gold thickness is
varied again. The results show a slightly rising bending loss as the waveguide gets
thinner than 20nm. At around 20nm there is a local minimum that lasts until 25nm. The
loss then begins rising again until it sharply rises and blends with the pure absorption loss
at 30nm and above. This would indicate that thicker films are strongly guided around
bends and dominated by absorption loss. The 20nm thickness is a good choice because it
has the optimal combination of bending loss and straight absorption loss.
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Figure 6.4 Effects of waveguide thickness on straight and bent waveguides.
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Chapter 7
EXPERIMENTAL RESULTS

7.1

Overview
This chapter was intended to analyze the data from experimental measurement of

the waveguides. Unfortunately, at no time during the project was a guided mode found to
exist in any waveguide. If one does exist, it is far too weak to discern from the much
more powerful beam from the fiber that scatters off the various devices on a typical cell.
In the absence of any working waveguides, an analysis was done on the current
experimental data available for surface plasmon waveguides. Based on availabe data, a
theory on why the waveguides do not work is postulated and simulated using Femlab.

7.2

Available Experimental Data
The first data available is from Nikolajsen et al.[5] from Micro Managed Photons,

who successfully fabricated and measured straight waveguides using a BCB polymer.
They did not however, fabricate any bent waveguides. Since this thesis project began
Nikolajsen has reported a thermo-optic device based on BCB clad SPWG’s[4]. This
would give the indication that BCB based SPWG’s can work, at least in a straight
waveguide.
The final data obtained on SPWG’s is from Berini et al.[6] from Spectalis Corp.
Berini published several early theoretical papers on SPWG’s. This group fabricated
SPWG’s using a silicon dioxide layer, gold, and an index matching fluid. The
waveguides were placed in a thermo-electric cooler and the temperature was varied until
a good mode profile was obtained through a straight waveguide as seen in an IR camera.
The changing temperature changed the refractive index of the fluid, matching it to silicon
dioxide. The proper operation of straight waveguides, y-bend waveguides, s-bend
waveguides, and optical couplers were all verified using an IR camera. However, this
group has yet to publish quantitative data. This could be due to the difficulty of getting a
good and consistent refractive index match. The relative intensity of the light in each
device seems to track well with our simulations.
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7.3

Potential Problems
The above experimental information conveys three messages. One is that surface-

plasmon waveguide devices have been demonstrated to work at least close to the way
theoretical models say they should. Secondly, BCB has been proven as a potential
cladding material for SPWG’s in straight waveguides. Lastly, matching the refractive
index seems to be most critical for SPWG’s. It is so critical that a temperature controlled
device is required to match the indexes adequately in SiO2 devices. This is believed to be
the root of the problem in this project. If for some reason one BCB layer has a different
refractive index than the other, the device would be affected. This could occur because
the bottom BCB layer is exposed to process steps that the top layer is not. Modeling is
done to determine just how sensitive index matching is.

7.4

BK-7 Based SPWG’s
In an attempt to produce working results, SPWG’s were fabricated on a BK-7

glass substrate with a BK-7 index matching fluid. The coupling to this chip was excellent
because the index matching fluid would surround the end of the fiber. Again there were
no working waveguides detected. Upon further inspection, it was noted that at 1550nm,
the fluid and glass have refractive indexes of 1.505 and 1.501 respectively. These values
are matched relatively well.

7.5

Asymmetric Model of SPWG Cladding
A model was developed of a straight and bent waveguide without using symmetry

about the x-axis. First, a symmetric device using a cladding refractive index of 1.505 was
modeled. This waveguide had slightly higher losses than a BCB clad waveguide, but
seemed to work fine. Then a .002 change in refractive index was introduced in the
bottom cladding material, down to 1.503. This is a half the difference between BK-7
glass and index matching fluid. For a straight waveguide, this generates a severely
assymetric mode profile as can be seen in Figure 7.1. A refractive index change of even
0.001 causes substantial asymmetry.
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Figure 7.1 Mode field for an asymmetric straight waveguide with a .002
difference in refractive index between the top and bottom.

For a bent waveguide, the .001 change in refractive index was again introduced
on the bottom cladding layer. Both the values for BK-7 and the BCB values were used.
The 3, 5, and 7µm waveguides contained no strongly guided modes at any bend radius up
to 2.6 cm. The 10µm waveguide appeared to have a guided mode when it had an over 2
cm bend radius but it was very lossy.
The asymmetric model seems to demonstrate that a very small change in
refractive index of one BCB layer relative to the other can have devastating effects on the
device.
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Chapter 8
CONCLUSIONS AND FURTHER WORK

8.1

Conclusions
A process was developed for fabricating surface-plasmon waveguides. An

attempt to measure the output power of the waveguides was made but no working
waveguides were found. To successfully fabricate a surface plasmon waveguide you
must match the refractive index of the top and bottom cladding layers very precisely.
Since I made no working devices to compare to, I have no experimental evidence that
refractive index mismatch is the reason the waveguides do not work. However, modeling
of the waveguides shows that a very small mismatch would cause the waveguides not to
work, and I have reason to believe that this level of index matching may not have been
maintained during fabrication.
A process was developed to align the fiber and chip to the IR camera and detector,
and Matlab and Labview GUI’s were prepared to aid in automated alignment and
measurement.
Numerical models were developed for straight waveguides, bent waveguides, and
optical couplers. Losses were analyzed as a function of waveguide length, width,
thickness, and bend radius. The combined effects of absorption loss and radiation loss
were examined as bending loss. Absorption loss was studied for straight waveguides.
Other lessons learned involved modeling results. Although these results must be
compared to experimental data to be confirmed, I will point out some interesting results.
A designer of an optical circuit is confronted with a very challenging optimization
problem. Narrower waveguides generally have a higher bending loss but a lower
absorption loss than wider waveguides. One can actually lower total loss by making a
narrow waveguide bend radius smaller if this leads to an overall shorter device. The
increase in loss per cm of the bend barely makes up for the loss of the length of the bend.
If straight sections of the waveguide can also be shortened due to the sharper turn the
overall loss is very likely to go down. The waveguide thickness reaches an optimal point
around 20nm for a bent waveguide. If the waveguide is straight, the thinner the
waveguide is the lower the loss will be.

59

All these parameters must be optimized in a chip. There is no simple answer of
how wide a waveguide should be, or how large its bend radius should be. The thickness
of the waveguides will all be the same on a wafer so this value must be chosen first.

8.2

Suggestions for Further Work
The first critical step towards fabricating a working device is to have highly

precise measurements of refractive index. Samples at various stages of the fabrication
process could be sent off to get measured or taken to a collaborative institution with the
appropriate equipment.
Although this has little effect on BCB SPWG development, the BK-7 based
waveguides could be pursued. These waveguides could provide valuable insight between
theoretical and experimental data. A means could be developed to carefully control chip
temperature while keeping the chip aligned to an IR camera. Like the SiO2 based
SPWG’s, this would cause the refractive index of the index matching fluid to drop and
hopefully perfectly match the BK-7 glass. The glass refractive index stays pretty much
constant over a broader range of temperatures.
Finally, scattering losses must be examined. This is a challenging step and
detailed information on radiation and absorption losses is necessary to proceed with a
study of scattering losses.
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